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THE EFFECT OP SURFACE IRREGULARITIES OM W I N G  DRAG 
I TI - ROUGHBESS 
By h4anley J. Hood 
T e s t s  have  boen made i n  t h e  N.A.C.A.  8 - foo t  h igh - speed  
wind  t t ln l le l  of t h e  d r a g  c a u s e d  by r o u g h n e s s  on t h e  s u r f a c e  
o f  a;l a i r f o i l  of E.A.C.A. 23012 s e c t i o n  and  5 - f o o t  chord .  
The t e s t s  s e r e  9ade  a t  s p e e d s  from 80 t o  500 m i l e s  p e r  h o u r  
a t  l i f t  c o e f f i c i e n t s  f rom 0  t o  0.30. 
F o r  c o n d i t i o n s  c o r r e s ? o n d i n g  t o  h igh-speed  f l i g h t ,  
t h e  i n c r e a s e  i n  t h e  dyag  m a s  30  p e r c e n t  of t h e  p r o f i l e  d r a g  
of t h e  smooth a i r f o i l  f o r  t h e  r o u g h n e s s  g r o d u c e d  by s p r a y  
p a i n t i n g  an6 6 3  p e r c e n t  f o r  t h e  r o u g h n e s s  groduced. by 
0.0037-inch ca rbo rundun  g r a i n s .  About one-ha l f  t h e  d r c g  
i n c r e z s p  n a s  c a u s e d  by t h e  r o u g h n e s s  on t h e  f o r a a r d  one- 
f o u r t h  of t h e  a i r f o i l .  S z n d p a p e r i n g  t h e  p a i n t e d  s u r f a c e  
v i t h  No.  400  s a n d p a p e r  nade i t  s u f f i c i e n t l y  smooth t h a t  t h e  
d r a g  n z s  no ?:rester t h a n  vhen  t h e  s u r f a c e  was p o l i s h e d .  
IE  t h e  101-~er n a r t  of t h e  r a n g e  i n v e s t i g a t e d  t h e  d r a g  due t o  
r o u g h n e s s  i n c r e a s e d  r a p i d l y  n i t h  Reyno lds  Humber. 
I N T R O D U C T I O N  
impro  
c o n s t  
The form dTag of a i r p l a n e s  h a s  been  r e d u c e d  so  much by 
v e a e n t s  i n  ' s t r e a n l i n i n g  t h a t  s k i n - f r i c t i o n  d r a g  o f t e n  
i t u t c s  a major  p o r t i o n  of t h e  t o t a l  drctg. I t  i s  t h e r e -  
f o r e  i n p o r t z n t  t h a t  s k i n  f r i c t i o n  b s  r e d u c e d  a s  much a s  pos-  
s i b l e .  One method of r e d u c i n g  s k i n  f r i c t i o n  i s  t o  e l i m i -  
n a t e  i r r e g u l a r i t i e s ,  s u c h  a s  r i v o t  he.?ds and  r o i ~ g h n e s s ,  
f r o m  s u r f a c e s  exposed  t o  a i r  f low.  
P r e v i o u s  t e s t s  have  shomn t h a t  r i v e t  h e a d s  ( r e f e r e n c e  
1 ) , c e r t s i n  a r b i t r a r y  p r o t u b e r a a c e s  ( r e f e r e n c e s  2 and  3), 
find r o u g h n e s s  ( r e f e r e n c e s  4 and  5 )  g r e a t l y  i n c r e a s e  ~ v i n g  
dr2.g. 
* 
T e s t s  have been made i n  t h e  B.A.C.A. 5 - foo t  h igh-speed  
n i n d  t u n n e l  t o  p r o v i d e  more c o n p l c t e  d a t a  f o r  t h e  e f f e c t  on 
n i n g  d r a g  of v a r i o u s  s u r f a c e  i r r e g u l a r i t i e s  conmon t o  a i r -  
p l a n e  n i n g s .  Thc s u r f a c e  i r r e g u l a r i t i e s  i n v e s t i g a t e d  f n -  
c l u d e d  r i v e t  h e a d s  and  s p o t  w e l d s  ( r e f e r e n c e  6 ) ,  l a p  j o i n t s  
( r e f e r e n c e  ' 7 ) ,  m a n u f a c t u r i n g  d i s c r e p a n c i e s  ( r e f e r e n c e  8 ) ,  
a n d  s u r f a c e  r o u g h n e s s ,  t h e  s u b j e c t  of t h e  p r e s e n t  p a p e r .  . 
l Ios t  of t h e  s u r f a c e - r o u g h n e s s  t e s t s  mere made a i t h  an 
N.A.C.A,  23012 a i r f o i l  of 5 - f o o t  c h o r d .  The e f f e c t  o f  t h e  
f o l l o m i n g  s u r f a c e  f i n i s h e s  on t h e  d r a g  of t h i s  a i r f o i l  was 
d e t  e r s i n e d :  
0 ,0037- inch  carborundum g r a i n s .  
0,  G013-inch carborundum . g r a i n . s .  
0 ,0005- inch  .car.borundum g r a i n s .  
S p r a y e d  p a i n t .  
Sandpape red  p a i n t .  
P o l i s h e d  p a i n t .  
The d r a g  n a s  d e t e r m i n e d  n i t h  t h e  e n t i r e  s u r f a c e  c o v e r e d  
n i t h  e a c h  of t h e s e  f i n i s h e s  and  a l s o  w i t h  va . r ious  , p e r c e n t -  
a g e s  of t h e  s u r f a c e ,  s t a r t i n g  f rom t h e  l e a d i n g  e d g e ,  p o l -  
i s h e d . .  V i t h  t h e  s u r f a c e  of t h e  p , i r f o i l  i n  t h e  d e s i r e d  con- 
d i t i o n ,  t h e  d r a g  n a s  d e t e r m i n e d  a t  l i f t  c o e f f i c i e n t s  from 
0 t o  0.30 a n d  a i r  s p e e d s  f rom 80 t o  500 m i l e s  p e r  h o u r ,  
c o r r e s p o n d i n g  t o  Reyno lds  Numbers f r o n  3 ,000 ,000  t o  
1 8 , 5 0 0 , 0 3 0 .  
S u p p l e m e n t a r y  t e s t s  t o  i n v e s t i g a t e  s c a l e  e f f e c t  were 
made u s i n g  an  13.A.C.A. 23012 a i r f o i l  of  2 - foo t  c h o r d .  
APPARATUS 
The t e s t s  n e r e  c o n d u c t e d  i n  t h e  N o A * C . A .  8 - f o o t  h igh-  
s p e e d  v i n d  t u n n e l .  The t .ur 'uulcnce of t h e  a i r  f l o w  i n  t h e  
c l o s e s -  c i r c u l a r  t e s t  s e c t i o n  of t h i s  n i n d  t u n n e l  i s  so s m a l l  
t h a t  s p h e r e  t e s t s  have nhonn v i r t u a l l y  t h e  same c r i t i c a l  
Reyno lds  Bunber  i n  t h c  t u n n e l  a s  i n  f r e e  a i r  ( r e f e r e n c e  9) .  
Thc a i r f o i l s  u s e d  f o r  t h e s e  t e s t s  had  t h e  N . A , C . A e  
25012 s e c t i o n  ( r e f e r e n c e  1 0 )  and hnd a c t i v e  s p m s  o f  6 
f e e t .  F i g u r e  1 shons  t h e  5 - foo t  z i r f o i l  mounted i n  t h e  
n i n d  t u n n e l .  D e t a i l e d  d e s c r i p t i o n s  of t h e  a i r f o i l s  and  
t h e i r  c r r a n g e m e n t  i n  t h e  a i n d  t u n n e l  a r e  g i v e n  i n  r e f e r -  
e n c e  6 .  
P h o t o m i c r o g r a p h s  of s r rnp les  o f  t h e  d i f f e r e n t  s u r f a c e  
f i n i s h e s ,  a l i  t o  t h e  same m a b 5 n i f i c a t i o n ,  m e  shown i n  f i g -  
u r e  2.  The carborundum-covered s u r f a c e s  n e r e  p roduced  by 
s p r n y i n g  carborundum g r c i n s  mixed n l t h  t h i n  s h e l l a c  o n t o  
t h e  ?2olis"ed a i r f o i l s .  The conmon d e s i g a n t i o n s  of t h e  
g r n i n  s i z e s  arc: 
d v c r n g e  g r s i i l  Carborund.um Coji~pctng ' S  
s i z e ,  k ( i n . )  d e s i g n a t i o n  
F r o =  Eir:ure 2 i t  i s  a p p a r e n t  t h a t  t i le  0.0005-inch g r a i n s  
n e r e  l ~ i l e d  on t o p  of  cnch  o t h e r  i n  such  a manrer  t h a t  t h e  
d.cgrce o f  r o u g h n e s s  n a s  n o t  e q u i v a l e n t  t o  t h s  g r a i n  s i z c ,  
.?-s s7a.s t h e  c a s e  a i t h  thc! 2-argcr g r a i n s .  The pho tomic ro -  
g r a p h s  cLso C n d i c n t e  t b n t  t h e  s h e l l a c  u s e d  t o  h o l d  t h e  
g r . a i n s  UP-s s u f f i c i e n t l y  t b i n  %%at h e  e f f e c t i v e  s i z e  and  
s h a p e  of t i e  ;.;rains mere r-ot .? .pgreciablg changed.  Thc 
s i z e s  o f  t h e  g r a i n s  were d e t e r m i n e d  from n e a s u r e n e n t s  a a d c  
n i t h  n n i c r o s c o p e  and from n e n s u r e n c n t s  of t h e  pho tomic ro -  
g r a p h s .  Thc d e n s i t y  (s12zcing) of t h e  s r ~ . i n s  v a r i e d  some- 
-.yhnt o v e r  t h c  a i r f o i l s  b u t  t l ~ c  p h o t o m i c r o g r a p h s  r e p r e s e n t  
avcrz.ge c o n d i t i o n s .  Thc s p r a y - p a i n t e d  s u r f a c e  z a s  p ro -  
duced  5y swrnyili-g a l a c q u e r - b n s c  p r imer - su r f3 , ce r  o n t o  t h e  
~ i r i ' o i l ,  p r o b a b l y  a l i t t l e  ' r onghe r  t h a n  i s  conDon p r a c -  
t i c e .  Thc s a n d p a p e r i n g  - a s  done n i t h  No. 400  snndpape r  
l u b r i c n t o d  n i t h  v a t e r .  Bo n t t c n p t  n a s  made t o  l i m i t  t h e  
sand;22,poring s t r o k e s  t o  ?>ny one d i r e c t i o n  b u t  c h o r d n i s e  
s t r o k e s  :3redoninatc&.  Thc s u r % c e  I-:as ? ? o l i s h e d  by r u b b i n g  
n i t h  a - i iol ish of t k e  tyi2e u s e d  I n  p o l i s h i n g  a u t o m o b i l e s ,  
a a x i n g ,  and  r u b b i 2 g  n i t h  a s o f t  c l o t h .  The pol- is l ied s u r -  
f a c e  n 2 s  con;?arable nit11 t h a t  of n  ncv  a u t o l o b i l e .  
EX THO DS 
/ T'lc l i f t ,  t h e  d r c g ,  a n d  t h e  p i t c h i n g  monent o f  t h e  
n i r f o i l s  w i t h  each s u r f a c z  c o n d i t i o n  v e r e  d e t c r n i n c d  a t  
-1.25', - 0 . 1 5 ~ ~  and  0.950 a n g l e  of a t t a c k ,  c o r r e s p o n d i n g  
t o  l i f t  c o e f f i c i e i i t s  o f  q .pproxinz te ly  0 ,  0 .15 ,  s n d  0 .30 ,  
r e s p e c t i v e l y .  The t e s t s  F J , ~  l i f t  c o e f f i c i e n t s  of  0.15 Fund 
0.30 a e r e  nl,de n t  s p e e d s  v a r y i n g  f r o n  80 t o  370 a n d  f r o n  
80  t o  270 m i l e s  > e r  h o u r ,  r e s n e c t i v e l y ,  t h e  u p p e r  l i n i t  
i i l  e a c h  c a s e  n r o d u c l n g  a ~ i n g  l o a d i n g  of  a p o r o x i m a t e l y  5 0  
pounds  pcr s q u a r e  f o o t .  F o r  t h e  t e s t s  a t  z e r o  l i f t  t h e  
s p e e d  c a s  v a r i e d  from 80 t o  a b o u t  500 m i l e s  p e r  h o u r ,  a t  
n h i c h  s;?ced c o i ~ p r o s s i b i l i t y  e f f e c t s  n e r e  so l a r g e  t h a t  
t h e  d r a g  c o e f f i c i e n t  n a s  i n c r e a s i n g  r a p i d l y  ar s p e e d  mas 
i n c r e a s e + . .  
Each t y p e  of  r o u g h n e s s  n a  a p r l i e d  t o  t h e  e n t i r e  s u r -  
f a c e  o f  t h e  a i r f o i l s  a t  f i r s t  nnd t h e n  r enovcd  i n  s t e p s  
s t , ~ r t i n g  f r o n  t h o  l e a d i n g  edge and  ?;orking r c n r n a r d  a s  t l ie  
t e s t s  ??rocecded .  A f t e r  t h e  r o u g h n e s s  had  bccn r e n o v c d ,  
t h e  s u r f a c e  n n  p o l i s h e d .  
A t  t h e  h i g h  s p e e d s  n t t a i a e d  i n  t h e  8 . A . C . d .  8 - f o o t  
high-s:?ced rrind t u n a e l  t i le  dxnamic p r e s s u r e  ( q  = $ p v2) 
u s e d  kn comgut ing  f o r c e  a n d  monent c o e f f i c i e n t s  d e p a r t s  
c o n s i d e r a b l y  from t h c  impact  p r e s s u r e  as shown by n p i t o t -  
s t a t i c  t u b e .  The z e t h o d  by n h i c h  t h e  dynamic p r e s s u r e ,  
a i r  s>2ccd, and  Reynolds  Mumber i n  t h e  t e s t  s e c t i o n  a r c  
c o m l ~ u t e d  i s  p r e s e n t e d  i n  r e f e r e n c e  6 .  
RESULTS 
Thc t u n n e l  e f f e c t s  on t h e  c h a r a c t e r i s t i c s  of a i r f o i l s  
t h a t  -ire a s  l a r g e ,  r e l a t i v e  t o  t h e  t u n n c l  d i a m e t e r ,  a s  t h e  
t n o  t e s t e d  a r e  c o n s i d e r a b l e  a n d ,  s i n c e  t h e s e  e f f e c t s  have  
n o t  y e t  becn c o m ? l e t e l y  d e t e r m i n e d  f o r  t h i s  wind t u n n e l ,  
no c o r r e c t i o n s  have  been  a p p l i e d .  Bone of t h e  r e s u l t s  a r e ,  
t h e r e f o r e ,  p r c s e n t c d  a s  n b s o l u t e  d r a g  c o e f f i c i e n t s .  The 
r e s u l t s  2 r e ,  i n s t e a d ,  p r e s e n t e d  i n  t e r m s  of i n c r e a s e s  i n  
d r c g  c o e f f i c i e n t ,  n h i c 3  s h o u l d  be l i t t l e  a l t e r e d  by t u n n e l  
e f f e c t s .  
A c c o r d i n g  t o  t3.c su.bsequent d i s c u s s i o n ,  t h e  r e s u l t s  
o f  t h e s e  t e s t s  sho.ul.d be n i?g l ied  on t h e  u s u a l  Reynolds  
Number b a s i s  b u t ,  f o r  e x p e d i e n c y ,  t h e  drag r e s u l t s  s r e  
shonn i n  5orms of Mach number M ,  ( t h e  r a t i o  of t h e  a i r  
s p e e d  t o  t h e  s p e e d  of souiid ' in t h e  a i r )  b e c a u s e ,  a t  t h e  
h i g ? i c r  s s e c d s  employed. i n  t h e  t e s t s ,  c o m p r e s s i b i l i t y  e f -  
f e c t s  c a u s e  d r a g  c o e f f i c i e n t s  t o  v a r y  so r a p i d l y  w i t h  
t h a t  compar i sons  a r e  p r e f e r a b l y  m?,de a t  e g u z l  v a l u e s  of 
t h i s  p a r a n e t e r .  The a i r  s p e e d s  q u ~ t c d  a r e  n o t  a c t u a l  t e s t  
a i r  s p e e d s  a t  t h e  r e d u c e d  d e n s i t i e s  e x i s t i n g  i n  t h e  n i n d  
t u o n e 1 , b u t  a r e  s p e e d s  t h a t ,  a t  s e a  l e v e l  i n . a  s t a n d a r d  a t -  
mosphe re ,  n o u l d  produce  v a l u e s  of M e q u a l  t o  t h e  t e s t  
v a l u e s .  Tke Reynolds  Numbers a r e  t 4 e  a v e r a g e s  of t h e  ac-  
t u a l  Reyno lds  Numbers f o r  t h e  v3 , r ious  t e s t  r u n s .  None of 
t h e  Reyno lds  Bumbers d e p a r t s  from t h c s e  a v e r a g e s  enough t o  
a f f e c t  t h c  r e s u l t s  a p p r e c i a b l y .  
Inere , - , ses  i n  t h e  d r a g  c o e f f i c i e n t  CD of t h e  5- foot  
a i r f o i l  c2,used by 0 .0037- inch ,  0 .0013- inch ,  and  0.0005- 
i n c h  g r z i n s  and  by s g r n y  p a i n t i n g  a r e  shonn i n  f i g u r e  3. 
The i r c r c n s e s  v e r e  d e r i v e d  by ded-uc t ing  t h e  d r a g  c o e f f i -  
c i e n t s  o f  t h e  -po l i shed  a i r f o i l  from t h e  c o e f f i c i e n t s  of 
t h e  a i r f o i l  n i t h  t h e  v a r i o u s  d e g r e e s  of  r o u g h n e s s  a t  e q u a l  
Xach n u n b e r s .  The d r a g  of t h e  s andpape red  a i r f o i l  n a s  t h e  
same a s  t h e  d r a g  of  t h e  2 o l i s l i e d  a i r f o i l  . ; r i th ip  t h e  1j.m- 
i t s  of m e a s u r e n e n t .  I n  o r d e r  t o  a i d  i n  v i s u a l i z i n g  t h e  
magn i tude  of  t h e  d r a g  i n c r e a s e s ,  t h e  app rox ima te  p e r c e n t -  
a g e  i n c r e a s e s  a t  one Reyno lds  Nunber ,  u s i n g  f u l l - s c a l e  
n i n d - t u n n c l  r e s u l t s  f rom r e f e r e n c e  1 0  e x t r a p o l a t e d  a n d  
c o r r e c t e d  f o r  t i p  e f f e c t s  a s  b a s e  v a l u e s ,  a r e  shonn f o r  a 
f e n  r e 2 r e s e n t a t i v e  p o i n t s .  
F i g u r e  4 shoms t h e  e f f e c t  of removing t h e  r o u g h n e s s  
p o l i s h i n g  v a r i o u s  p c r c c n t ~ g e s  of  t h e  s u r f a c e  s t a r t i n g  
a t  t h e  l e n d i n g  edge .  T h i s  f i q u r e  a p p l i e s  d i r e c t l y  t o  a 
s p c c d  of  2 3 0  m i l e s  p e r  hour  and  a l i f t  c o e f f i c i e n t  of 0.15, 
b u t  c u r v e s  shov ing  t h e  samc >henomenon a t  o t h e r  s p e e d s  and  
l i f t  c o e f T i c i e n t s  n o u l d  be q u i t e  s i m i l a r .  
Ronc of  t h e  d e g r e e s  of r o u g h n e s s  t e s t o d  had  any  appre -  
c i a b l o  c f f e c t  on l i f t  o r  p i t c h i n g  moment v r i t h in  t h e  r znge  
o f  t h e  t e s t s ,  n h i c h  i c c l u d o d  t h e  u s u a l  h i s h - s p c e 6  and  
c r u i s i n g  r a n g e  of l i f t  c o e f f i c i e n t s .  
O i : l s  i n c r e a s e s  i n  d r a g  c o e f f i c i e n t  a r e  r e p o r t e d  h e r e i n .  
Fo r  t h e  re2,son.s d i s c u s s e d  i n  r e f e r e n c e  6 ,  random e r r o r s  i n  
t h e s e  i z c r c a s c s  prob2bl.y do n o t  e x c e e d  f O . O O O 1 ,  c o r r e s p o n d -  
i n g  t o  k2.4 p e r c e n t  of t h e  d r a g  of t h e  smooth n i r f o i l ,  ex- 
c e p t  ,zt sl3eed.s b e l o r  1 3 0  and  nbove 400 m i l e s  p e r  h o u r ,  
n h e r e  t h e  e r r o r s  may be t n i c e  t h i s  v a l u e .  S y s t e m a t i c  e r -  
ro rs  a r e  t h o u g h t  t o  be s m a l l  e rough  so t h a t  t h e i r  e f f e c t  
on t h e  r e s u l t s  i s  n o t  i n p o r t n n t .  
DISCUSSIOB 
F r o n  f i g u r e  3 i t  i s  e v i d e n t  t h a t  even a s m a l l  d e g r e e  
of rou-5h::ess i n c r e a s e s  t h e  v i n g  d r n g  s u f f i c i e n t l y  t o  %--re 
s e r i o u s  cGverse  e f f e c t s  on h i g h - s p e e d  pe r fo rmance  and  
econony.  Even t h e  r o u g h n e s s  due t o  s p r a y  p a i n t i n g  may i n -  
c r c c s e  t h e  d r a g  10  t o  1 4  p e r c e n t  i n  t h e  h igh - speed  and 
c r u i s i n g  rc,n<e. Excep t  a t  t h e  l o n e s t  s p e e d s ,  0 .0013-inch 
rou:;hnnss i n c r e a s e s  t 5 e  d r a g  c o n s i d e r a b l y  n o r e  t h a n  3/32- 
i n c l i  b r a z i e r - h e a d  r i v e t s  ( r e f e r e n c e  6 ). 
I n  t 5 e  r a n g e  of t h o s e  t e s t s ,  t h e  d r a g  i n c r e a s e s  
c a u s e d  'or s u r f a c e  r o u g h ~ l e s s  vary c o n s i d e r a b l y  n i t 5  s c a l e  
( f i g .  3) .  A t  t h e  101-rer s p e e d s  t h e  Crag due t o  r 0 u g h n e . s ~  
d e c r e a s e s  r a g i d l y  as speed  i s  r e d u c e d  and  t h e  c u r v e s  i n d i -  
c a t e  t h a t ,  f o r  eacA de;ree  of r ~ u ~ y h n e s s ,  t h e r e  i s  a speeC 
o r  Reyno lds  Bunber b e l o n  n k i c h  t h a t  r o u g h n e s s  h a s  no e f -  
f e c t  on iLrar;. C o u v e r s e l y ,  i t  i s  i n d i c a t e d  t h n t  f o r  e v e r y  
s p e c d  o r  Reyno lds  Funber  t h e r e  i s  a l i n i t i n g  " p e r m i s s i b l e  
r o u ~ h n o s s , "  ~ 3 . i c k   ill c a u s e  no i n c r e a s e  i n  d r a g .  The ex- 
i s t e n c e  o f  such  a p e r c i s s i b l o  r o u z h n e s s  h a s  been shonn by 
o t h e r  t c s t s  ( r e f e r e n c e s  11 a n &  1 2 ) .  E s t i n a t i n g  p e r a i s s i -  
b l e  r o u ~ : i n e s s  f r o n  t h e  r e s u l t s  h e r e i n  r e F o r t e d  i n v o l v e s  
q u e s t i o n a b l e  e x t r a p o l a t i o n s  b u t ,  nevertheless, t h e  r e s u l t s  
do i n d i c a t e  a b o u t  t h e  spune o r d e r  of n a ~ n i t u d e  of p c r m i s s i -  
b l e  r o u g 5 n e s s  as  i s  t a b u l a t e d  f o r  a f l a t  p l a t e  v i t h  t u r b u -  
l e n t  bou-rdary l a y e r  i n  r e f e r e n c e  I?-; even  though  i n  t11e 
c a s e  of  t k c  a i r f o i l  t h e  c o n d i t i o n s  a r e  d i f f e r e c t  i n  t h n t  
p a r t  of  tlzc boundzry  layer i s  l a n i n a r ,  t h e  a i r  s g e o d  v a r -  
i e s  o v e r  t k e  s u r f c c e ,  and  t h e  p r e s s c r e  g r a d i e n t s  a r e  l a r g e .  
3cczu-se  of  t h c  l a r g e  a d v e r s e  sco,le e f f c c t  on t h e  d r a g  
of rough  s u r f o . c e s ,  i t  i s  essential t h a t  e x p e r i m e n t a l  i n -  
v e s t i z a t i o n s  of  t h e  e f f e c t s  of  s u r f a c e  r o u g h n e s s  5 e  made 
n . t  l a r g e  s c a l e .  D c ~ r e c s  of r o u g h n e s s  l e r g e  cnoush  t o  hnve 
s e r i o u s  e f f e c t s  u n d e r  f l i g h t  c o n d j . t i o n s  nay hnve no  e f f e c t  
n h n t s o e v e r  u n d e r  t h e  c o n d i t i o n s  of r m a l l - s c n l c  t c s t s .  
I T3c v a r i a t i o x  of drag a i t k  s p e c d  ( f i g .  3) above  a b o u t  
300 n i l e s  g e r  h o u r  c a n n o t  bc , ? . t t r i b u t c d  e n t i r e l y  t o  s c a l e  
e f f e c t  becnv-se c o m p r e s s i b i l i t y  e f f  c c t s  may be l a r g e  enough 
t o  p r e d o m i n a t e  a t  these s n c e d s .  A t  l o n e r  s p e e d s ,  h o v e v e r ,  
c o m p r e s s i b i l i t y  e f f e c t s  a r c  negligible so t h e  v a r i a t i o n  i n  
d r a g  ccn be a t t r i b u t e d  e n t i r e l y  t o  s c a l e  e f f e c t  and  t h e  
r e s u l t s  m a y  be a p u l i e d  on t h e  .usua l  b a s i s  of  Reyno lds  Number. 
n lcc l c f f c c t s  of r o u g h n e s s  on a i r p l a n e  n i n g s  can  be e s -  
t i n a t e d  o n l y  appro xi mat el:^ from t h e  r e s u l t s  of t h e s e  t e s t s  
bee<-.use t::c e f f e c t s  depend on g a i n  shape  and g r a i n  spac-  
i n g  as  c e l l  e s  g r a i n  s i z e .  The v a r i a t i o n  of d rag  n i t h  
g r a i n  d e n s i t y  i s  so g r e a t  ( r e f e r e n c e  1 3 )  t h a t  t h e  r e s u l t s  
o f  t c s t s  u c i n g  s i r n i l a r  g r a i n s  nay  n o t  a g r e e  nhcn t h e  u s u a l  
mct5ods  of a p p l y i n g  t h e  r o u g h n e s s  pbre u s e d .  
Accori? ing t o  R o y n o l d s l  p r i n c i p l e s  of  s i m i l i t u d e ,  t h e  
d r a g  c o e f f i c i e n t s  of s i3 i l a r  n i n g s  h a v i n g  d i f f e r e n t  c h o r d s  
b u t  ac ' c i ag  a t  equ.21 Reyno lds  Numbers 'would ?be e q u a l l y  i n -  
c r e a s e d  by r o u ~ h n e s s e s  of cqu3,l s i z o  a n d  a r r angemen t  p l t h  
r e s n c c t  t o  ~igg--_c;:.~hod. The t c s t s  nade  o f  t h e  2- foot  and  
5 - f o o t  a i r f o i l s  a i t 3  e q u i v ~ , l c i i t  d e g r e e s  of r o u g h n e s s  
,silonc.6: F o o r  ag reci-nent a t  c q u a l  Segno1d.s Numbers. . I t  ' r a s  
d i % f i c x l t ,  h o n c v e r ,  t o  o b t a i n  o a u a l  g r a i n  d e n s i t i e s  s i t 1 1  
t h e  method of a p p l i c a t i o n  enp loyed  a n d ,  a s  p r e v i o u s l y  men- 
t i o u e d ,  t h c  d r a g  of r o u g h  s u r f a c e s  i s  q u i t e  s e n s i t i v e  t o  
c h a n g e s  i n  g r a i n  d e n s i t y .  T e s t s  i n  s h i c h  Reyno lds  Nunber 
a n d  speed. a e r o  i n d e p e n d e n t l y  v a r i e d  have been  made i n  t h e  
B r i  t i s l i  compres sed -a i r  t u n n e l  ( r e f e r e n c e  1 4  ) and  p0rrni.t a 
compar i son  o f  d r a g  va . lues  by t!~e u s e  of o n l y  one  model. 
These t e s t s  sl lon,  as expec  t e a ,  t h a t  Reynolds  l p r i n c i p l e s  
a p n l y  t o  rough  su - r f aces .  I n  t h e  a p p l i c a t i o n  of  t h e  r e s u l t s  
h e r e i n  r c ? o r t e d ,  t h e  ' g r a i n  s i z o  and  a r r angemen t  s h o u l d  
therefore be  c o n s i d e r e d  i n  t c r m s  of wing chord .  Fo r  t h i s  
re.?,son :;rnin s i z e  i s  shonn on t h e  f i g u r e s  i n  t e r m s  of n i n g  
c 3 o r d  as c / k  a s  n e l l  as  i n  i n c h e s .  
T i y u r c  4 i n d i c a t e s  t i l a t ,  w i t h  t h e  e n t i r e  s u r f a c e  of  
t l i e  ?,ir:l?o51 roughened ,  a 3 o u t  one-hnlf  t h e  t o t a l  d r a g  ill- 
c r e a s e  i s  du-c t o  t h e  r o u g h n e s s  on t h e  f o r v a r d  25 p e r c e n t .  
I n  13 re l imina ry  t e s t s  i n  t h e  1iI.A. C.A. 8 - foo t  h igh - speed  
v i n d  t u n n e l ,  i t  mas found  t h a t  a s l i g h t  r o u g h n e s s  on t h e  
l e a ? - i n g  edge  o f  s n  a i r f o i l ,  c aused  by e r o s i o n  due t o  run-  
n i n g  t h e  t u n n e l  n i t h  d i r t  i n  t h e  a i r  s t r e a m ,  i n c r e a s e d  t h e  
minimum d r a g  o f  t h e  a i r f o i l  1 0  p e r c e n t .  I t  i s  o b v i o u s  
t h a t  r o u g ~ ~ n e s s  on t h e  f o r n a r d  p a r t  of a wing i n c r e a s e s  t h e  
d r a g  n o r e  t h a n  t h e  r o u g h n e s s  f a r t h e r  back  and  t h a t  i t  i s ,  
t h e r e f o r e ,  of t h e  g r e a t e s t  i m p o r t a n c e  t o  keep  t h e  f o r n a r d  
p a r t  of n i n g s  smooth. 
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2 I GURE LEGENDS 
F i g u r e  1,- A i r f o i l  of 5 - f o o t  cho rd  a i t h  f o r w a r d  20 p e r c e n t  
p o l i s h e d ,  mounted. i n  wind t u n n e l .  
F i g u r e  2.- P h o t o m i c r o g r a p h s  of  s u r f a c e  r o u g h n e s s .  
F i g u r e  3.- I n c r e a s e  i n  d r a g  of a i r f o i l  of 5 - f o o t  c h o r d  due 
t o  s u r f a c e  r o u g h n e s s .  c ,  chord ;  k ,  g r a i n  
s i z e .  
F i g u r e  4.- R e d u c t i o n  of d r a g  by removing r o u g h n e s s  f rom f o r -  
ward p a r t  of  a i r f o i l .  CL, 0.15; V ,  230 m.p.h.; 
c h o r d ,  5  f t . ;  a v e r a g e ,  R ,  1 0 , 2 0 0 , 0 0 0 ;  C ,  
c h o r d ;  k ,  g r a i n  s i z e .  
Figure 1.- Airfoil  of 5-foot chord with forward 20 percent polished, 
mounted i n  wind t u m l . ,  
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